Objective The aim of this study was to summarise the pharmacokinetic findings from eight phase I studies in healthy volunteers given oral AZD5069, a selective smallmolecule CXCR2 antagonist. Methods 240 healthy volunteers across eight phase I studies received single (0.1-200 mg) or multiple once-or twice-daily (10-120 mg) oral AZD5069 as solution, suspension, capsules or tablets. Pharmacokinetics were evaluated using non-compartmental analysis methods. Results AZD5069 was rapidly absorbed (time to maximum concentration * 2 h) under fasting conditions. A high-fat, high-calorie meal delayed and reduced the peak plasma AZD5069 concentration (C max ) by 50%, but total exposure (AUC) was unchanged (fed:fasting geometric mean ratio 90% confidence interval within 0.80-1.25). The plasma concentration of AZD5069 declined with an initial half-life of 4 h and terminal half-life of 11 h. Steady-state plasma concentrations were achieved within 2-3 days and accumulation was * 1.1-fold with twice-daily dosing. Systemic exposure was approximately proportional to dose.
Introduction
AZD5069 is a selective cysteine-x-cysteine receptor 2 (CXCR2) antagonist developed as a potential treatment for inflammatory diseases, such as asthma, chronic obstructive pulmonary disease (COPD), and malignancies. CXCR2 is expressed on the surface of mainly neutrophils, but is also present on other inflammatory effector cells. CXC chemokines such as CXCL1 and CXCL8 interact with these receptors to induce neutrophil migration towards inflamed tissues [1, 2] . AZD5069 is a small molecule that has demonstrated selective and reversible antagonism of CXCR2 in human neutrophils in vitro [3] . AZD5069 inhibited binding of radiolabelled CXCL8 to human CXCR2 in vitro with an IC 50 (concentration that produces 50% inhibition) value of 0.79 nmol/L.
Studies in human hepatocytes, liver microsomes and a range of heterologously expressed human cytochrome P450 (CYP) enzymes have indicated that the oxidative metabolism of AZD5069 is primarily mediated by CYP3A4 and CYP2C9 isozymes, but other metabolic pathways (e.g. glucuronidation) may also play a significant role in the elimination of AZD5069 [4] . To date, AZD5069 has been studied in eight phase I studies in healthy volunteers [5] [6] [7] [8] [9] [10] [11] , and in three phase II studies in inflammatory respiratory diseases [11] [12] [13] [14] .
Oral administration of AZD5069 markedly reduces sputum neutrophilia in patients with stable bronchiectasis and neutrophils in sputum and lung tissue in asthma patients at dose levels that do not affect neutrophil host defence functions [9, 12, 15] . However, no objective measures of clinical improvement emerged in the bronchiectasis study [12] , nor in the recently conducted phase IIb study in severe asthma [14] . This was despite an estimated receptor occupancy of [ 90% over the dosing interval (45 mg twice daily [bid] ) in more than 75% of the patients [14] , and significant neutrophil reductions. AZD5069 is currently under investigation in patients with cancer [16] .
Here, we report the pharmacokinetic (PK) profile of AZD5069 based on the data from the eight conducted phase I studies in healthy volunteers. The objectives of these studies included characterisation of plasma and urine pharmacokinetic parameters of AZD5069, rates and routes of elimination, time to reach steady state, time and dose dependencies, diurnal variability, and the influence of intrinsic (ethnicity, age) and extrinsic (food, CYP3A inhibition and formulation) factors on AZD5069 pharmacokinetics.
Methods

Studies
Summaries of the study designs and clinicaltrials.gov identifiers for all studies are included in Table 1. Study  flow charts are provided in Supplementary Figures S1-S8  (see electronic supplementary material [ESM] ). All studies were conducted in healthy volunteer subjects. All participants provided written informed consent prior to study entry and study protocols were reviewed and approved by local Independent Ethics Committees prior to commencing studies. All studies were performed in accordance with ethical principles that have their origin in the Declaration of Helsinki, and consistent with the International Conference on Harmonisation (ICH)/Good Clinical Practice (GCP) and applicable regulatory requirements. The primary objective of these trials was to explore the safety and tolerability of escalating single (0.1-200 mg) and/or twice daily doses (10-100 mg) of AZD5069. The secondary objective was to investigate AZD5069 kinetics. The studies were randomised, double-blind, parallel-group, placebo-controlled studies and were each conducted at a single centre. A safety review committee assessed available pharmacokinetic, safety and tolerability data after each cohort was dosed to determine the next dose level.
Absorption, Distribution, Metabolism and Excretion Mass Balance (ADME) Study
The primary objective of the ADME study was to characterise the pharmacokinetics, routes of excretion and metabolism of a single oral dose of [ 14 C]AZD5069 in healthy male subjects, who received a single dose of an oral solution containing 120 mg [ 14 C]AZD5069 (21.6 MBq). Blood and urine samples were collected predose and, along with faeces samples, at specified intervals for up to 168 h after administration and were assessed for radioactivity levels to determine the mass balance of AZD5069. Plasma non-compartmental pharmacokinetic parameters were assessed on unlabelled AZD5069.
Steady-State 24-h Neutrophil Function
Pharmacokinetic Study (NF 24 h PK)
The primary objectives of the NF 24 h PK study were to investigate the effect of AZD5069 100 mg bid on neutrophil number and function in the circulation, and on circulating neutrophil numbers following a burst of strenuous exercise and following subcutaneous injection of granulocyte colony-stimulating factor. The secondary objective was to evaluate the steady-state 24-h pharmacokinetic profile of AZD5069 following twice-daily administration. For the pharmacokinetic analysis, ADME absorption, distribution, metabolism, excretion, bid twice daily, DB double-blind, DDI drug-drug interaction, OL open-label, PC placebocontrolled, PG parallel group, R randomised, XO crossover comparisons were made between evening and morning administration by frequent blood sampling for 24 h.
Influence of Food and Age Study (Food and Age)
The primary objectives of this study were to compare the pharmacokinetics of AZD5069 following administration of single 120-mg doses when fasting or after a high-fat meal, and to make an initial assessment of any pharmacokinetic differences in the fasted state between adult (18-65 years) and elderly ([ 65 years) subjects. To assess the effect of food, a single dose of AZD5069 was administered to adults either 30 mins after commencing a standard meal or following a fast of at least 10 h (Part A). The standard meal contained 970 kcal; 182, 260 and 529 kcal derived from protein, carbohydrate and fat, respectively, and followed FDA guidelines for a high-fat and high-calorie test meal [17] .
In Part B of the study, a single dose of AZD5069 was administered to healthy elderly volunteers in the fasted state for comparison with the fasted adults from Part A of the study.
Ketoconazole Drug-Drug Interaction Study (DDI)
The primary objective of this DDI study was to evaluate the effect of ketoconazole on the pharmacokinetics of AZD5069. A single dose of 15 mg AZD5069 was administered to healthy adults followed by once-daily administration of 400 mg ketoconazole with a single dose of 15 mg AZD5069 administered concomitantly on the third day of ketoconazole administration.
Relative Bioavailability Study (Rel BA)
The primary objective of the Rel BA study was to assess the relative bioavailability of AZD5069 from the putative phase III tablet formulation in comparison with the capsule formulation used in phase II studies. The secondary objective was to assess the bioavailability of AZD5069 from up to three phase III tablet formulation variants relative to the putative phase III tablet. Subjects received single oral doses of 45 mg AZD5069 as 2 9 20-mg ? 1 9 5-mg capsules and three different 45-mg tablet formulations, in a randomised cross-over design.
Study Populations
All subjects who participated in the studies were judged to be healthy, based on standard inclusion and exclusion criteria. An overview of the demographic characteristics of the participants from each study are shown in Table 1 .
Study Drugs
AZD5069 was administered in several formulations in these phase I studies. In the SAD, MAD and JSAD/JMAD studies, oral suspensions containing either 1 mg/g or 50 mg/g AZD5069 were used. In the Food and Age study, only the 50-mg/g suspension was used. Capsules containing 5 mg AZD5069 were used in the DDI study to administer a 15-mg dose. For the ADME study, radiolabelled [
14 C]AZD5069, providing 0.9 MBq/mL, was administered as an oral 5-mg/mL solution. For the NF 24 h PK study, AZD5069 was administered as capsules containing 50 mg AZD5069. In the Rel BA study, a 45-mg tablet formulation intended for use in phase III studies, and two other 45-mg tablet formulations with slower dissolution rates were compared with capsules used in a phase II dose-finding study containing 5 mg and 20 mg (2 9 20 mg ? 1 9 5 mg) of AZD5069.
The ketoconazole (Nizoral Ò ) administered in the DDI study was a 200-mg tablet manufactured by Janssen-Cilag, Belgium.
Collection and Analysis of Pharmacokinetic Samples
Venous blood, urine and, when required, faeces samples for pharmacokinetic analysis were taken pre-dose and at specified intervals throughout each study. All study samples were analysed within the established stability using fully validated bioanalytical methods in the laboratories of AstraZeneca or, if outsourced, at one of the preferred provider's laboratories on behalf of AstraZeneca.
To investigate the concentration of AZD5069 in human plasma and urine samples, a method that employs protein precipitation (plasma) or dilution (urine) followed by liquid chromatography with tandem mass spectrometric detection (LC-MS/MS) in the positive ion mode was used. The AZD5069 methods (both plasma and urine) were initially validated in the range 1.0-5000 nM with the lower limit of quantification (LLOQ) set at 1.0 nM using 100 lL matrix. As the plasma method was transferred to a new bioanalytical provider, the range was slightly adapted to meet the expected sample concentrations to 2.0-4000 nM. In addition, a new combined AZD5069 and AZ13587715 (a metabolite) method in the range 1-1000 nM was validated on the same LC/MS/MS platform, using 100 lL matrix.
Where appropriate because of concentrations above the upper quantification limit, samples could also be diluted up to 10 times (100 for the combined AZD5069 and AZ13587715 method) with blank human matrix and then quantified within the validated calibration range.
Quality controls (QCs) prepared at three different concentration levels were analysed in duplicate with each batch of samples against separately prepared calibration standards to assess the day-to-day performance of the assay. In addition, a dilution QC at one concentration level was analysed with the study samples in all runs where dilution was applied to any of the study samples. The intrabatch and inter-batch precision, reported as coefficient of variation (CV), had to be B 15% at all levels (except B 20% at LLOQ) to be acceptable and intra-batch and inter-batch bias had to be within 15% of the nominal concentration at all levels (except ± 20% at LLOQ). In all of the studies included in this publication, the overall precision for the QC samples (undiluted) at all three concentration levels was B 12.9% and the overall bias ranged between -6 and 7%. The overall precision for the dilution QC sample was \ 12.5% and the overall bias ranged between -6.8 and 3.5%. In addition, up to 10% of the study samples in each study were reanalysed to confirm acceptable incurred sample reproducibility of the methods used.
Pharmacokinetic Evaluation
Pharmacokinetic parameters were estimated by non-compartmental analysis using WinNonLin Enterprise Version 5.2 or later (Pharsight Corporation, Mountain View, CA, USA) or SAS Ò Version 9.2 (SAS Institute Inc., Cary, NC, USA). The plasma parameters assessed for AZD5069 were maximum (peak) drug concentration (C max ), time to reach maximum concentration (t max ), area under plasma concentration-time curve from zero to infinity after a single dose (AUC), AUC from zero to time 12 h (AUC 0-12 ), AUC from zero to time 24 h (AUC 0-24 ), AUC during a dose interval at steady state (AUC ss ), terminal elimination rate constant (k z ), terminal half-life (t ), apparent oral plasma clearance (CL/F), renal clearance (CL R ) and apparent oral volume of distribution during terminal phase (V z /F).
Statistical Evaluation
Statistical analyses were performed using SAS Ò Version 8.1 or later. Pharmacokinetic variables were summarised using descriptive statistics. The following factors were assessed by ANOVA as a repeated-fixed effect using point estimates of the geometric least-squares (LS) mean ratios and in some cases associated 90% confidence intervals (CIs) for AUC (and C max where applicable): accumulation (AUC 0-12 [or AUC 0-24 ] after multiple dosing to AUC [0] [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [or AUC 0-24 ] after the first dose), time dependency (AUC ss to AUC 0-12 [or AUC 0-24 ] after the first dose), diurnal variability (evening to morning), fed to fasted, elderly to adults and tablet to capsule. Time to steady state was assessed by visual inspection of graphs of individual trough concentrations (C 12h ) over time. Dose-proportionality analysis was conducted using data from the SAD and MAD studies. Since there are single-dose data included in the MAD study, these data were pooled with the single-dose data collected in the SAD study. This analysis was repeated for each of single-dose (Day 1) AUC and C max and the corresponding AUC and C max following multiple dosing (Day 8). Dose proportionality was assessed using a power model that, while presented on a linear scale, was based on a linear regression model of log-transformed AUC (and C max separately) as a function of log-transformed dose. The model was then presented on a linear scale as: AUC = exp intercept Ádose slope . The 90% CI for the slope estimate is also presented along with the adjusted correlation coefficient (R 2 ). Pharmacokinetic differences between Japanese and Caucasian subjects were assessed by comparing geometric mean ratios (GMRs) of dose-normalised AUC and C max values and by graphs of exposure across all dose levels.
AUC and C max inter-and intra-subject components of variability were estimated with a mixed-effect analysis (ANOVA) model for the values on Days 6 and 8, with subject as a random effect, for each dose group (MAD study). Similarly, the variability components were estimated with a fixed-effect analysis (ANOVA) model for the values on Day 3 (morning and evening), with subject as a fixed effect in the NF 24 h PK study.
For most studies (SAD, MAD, JSAD/MAD, Food and Age, ADME, NF 24 h PK), the sample sizes were based on previous experience from similar studies with other compounds and were determined without formal statistical considerations, hypotheses or formal power calculations. For the DDI study, the variability observed in the MAD study was used: the log scale standard deviation (SD) for C max and AUC were 0.298 and 0.134, respectively, for the pooled doses. Based on a 90% CI (two one-sided testing procedure at 5% type I error level for each test), 12 patients for AUC and 18 patients for C max would yield [ 90% power to declare no effect based on default 0.8-1.25 noeffect boundaries. For the Rel BA study, the variabilities observed in the MAD, DDI and NF 24 h PK studies were used for sample size estimation: within-subject log-scale SD ranged from 0.03 to 0.14 for AUC and 0.16 to 0.22 for C max . Assuming an observed ratio of 1 in the AUC and C max between two treatments and a within-subject SD of 0.1 (AUC) and 0.2 (C max ) on the log scale, corresponding 90% CIs for the treatment ratios are 0.93-1.08 and 0.86-1.16, respectively.
Results
A summary of the pharmacokinetic parameters from all of the phase I studies is presented in Supplementary Table S1  (see ESM) . Dose-normalised AUC values are shown in Fig. 1 .
Plasma Concentration Profile
Following an oral single dose of an AZD5069 suspension to fasting healthy subjects, the peak plasma concentration (C max ) was observed at approximately 2 h. The concentration declined in a multi-exponential manner with approximate initial and terminal half-lives of 4 and 11 h, respectively (Fig. 2) .
Absorption
AZD5069 was well absorbed as 65% of the radioactivity was found in urine following a single 100-mg oral dose of [ 14 C]AZD5069 solution (ADME study). Absorption from the oral solution was rapid with C max being reached at a median time of 0.5 h after administration (ADME study). AZD5069 was also relatively quickly absorbed from an oral suspension during fasting conditions in healthy subjects (median t max 2 h (range 0.5-4 h), and this was independent of the dose administered (SAD study). The rate and extent of absorption of AZD5069 when administered as capsules was similar to that with the oral suspension (Fig. 1a, Table S1 [ESM]). Geometric mean AUC, C max and median t max were 8390 nmol h/L, 2210 nmol/L and 2.0 h after 40 mg AZD5069 in suspension (MAD study, Fig. 1 Boxplots of dose-normalised AUC (area under plasma concentration-time curve) by dose and study (see Table 1 for acronyms) following: a single-dose; and b repeated-dose (bid) administration of AZD5069 Day 1) compared with 11,500 nmol h/L, 2610 nmol/L and 3.0 h after 45 mg in capsules (Rel BA study).
Distribution
The geometric mean apparent oral volume of distribution (V z /F) ranged from 56 to 134 L at relevant doses across studies in adult Caucasian subjects.
Elimination
The total apparent plasma clearance (CL/F) was estimated to be approximately 8 L/h (mean across all studies in adult Western subjects). CL/F appeared to be independent of dose with mean values of 10. Following administration of a single 120-mg dose of [ 14 C]AZD5069 as an oral solution, excretion via urine was the primary route of elimination (65% of dose) with faecal elimination accounting for the remaining 35% of the dose (ADME study). AZD5069 is likely to be extensively metabolised in humans as the fraction of an oral dose excreted as unchanged drug in urine was \ 10% (SAD study, MAD study, ADME study). Extensive metabolism was also indicated by mean plasma radioactivity equivalent concentrations being greater than mean AZD5069 plasma concentrations at all sampling times following ingestion of [ 14 C]AZD5069 solution (ADME study).
Steady-State Pharmacokinetics
Steady-state conditions were attained within 2-3 days of bid dosing (MAD study). The mean accumulation ratio was 1.07-1.19 on Day 6 and 1.01-1.26 on Day 8 following bid dosing (MAD study).Total AUC after the first dose was similar in magnitude to AUC during a dose interval at steady state (AUC 0-12 ), indicating time-independent pharmacokinetics. The variability in AUC was moderate between subjects: 29-62% CV in the MAD study, and 64% CV in the NF 24 h PK study, and very low between dosing occasions within subjects (3-11% CV in the MAD study and 8% CV in the NF 24 h PK study). Corresponding C max values were 13-35 and 44% for the inter-subject variability and 19-22 and 16% for the intra-subject variability. 
Diurnal Variability
The geometric mean plasma concentration of AZD5069 observed at 12 h post-dose (C 12 ) was greater for the evening dose (564 nmol/L) compared with the morning dose (459 nmol/L) and median t ss,max was 1 h later after the evening dose (NF 24 h PK study). The 90% CIs of the evening:morning ratios for the exposure parameters were, however, all within the default bioequivalence boundaries of 0.80-1.25; the AUC 0-12,ss ratio was 1.17 (90% CI 1.13-1.21), C ss,max ratio 1.15 (90% CI 1.07-1.24), and C ss , min ratio 1.01 (90% CI 0.99-1.03).
Dose Linearity
AUC and C max were approximately proportional to the AZD5069 dose following both single (0.1-200 mg) and repeated (10-100 mg bid) administration (Fig. 3) .
Pharmacokinetics in Populations of Special Interest
Elderly (median 68 [range 65-77] years) healthy Caucasian subjects had, on average, 39% higher AUC (90% CI 4-85) and 21% higher C max (90% CI -4 to 54) values for AZD5069 than younger subjects (median 30 [range 23-57] years) (Food and Age study). Healthy Japanese subjects appeared to have similar, or higher, exposure to AZD5069 compared with Caucasian subjects, depending on the study and dose level being investigated (Fig. 1) . Geometric mean AUC ratios (Japanese:Caucasians) for AZD5069 varied between 0.80 and 1.06 when Japanese SAD data were compared with Western SAD data at equal doses (JSAD/JMAD study, SAD study). When comparing Japanese SAD/MAD AZD5069 data with Western MAD data at equal doses, the exposure was higher in Japanese subjects, after both the first dose and repeated dosing (JSAD/JMAD study, MAD study). Geometric mean ratios varied between 1.20 and 1.97. When pooling all AZD5069 doses, the dose-normalised AUC at steady state was 40% higher in the Japanese subjects.
Smokers, who were only included in the MAD study, had generally somewhat lower dose-normalised AUC values than non-smokers from the SAD study, but similar to those from the NF 24 h PK study and the fasted adults in the Food and Age study (Fig. 1) .
Drug-Food and Drug-Drug interactions
Administration of AZD5069 oral suspension immediately after a high-fat meal resulted in a 50% lower C max , which was delayed by 3 h in comparison with administration during the fasting state; however, the fed:fasted AUC ratio was within the standard bioequivalence boundaries 80-125% (Food and Age study). The fed:fasted geometric mean ratio for AZD5069 AUC was 0.89 (90% CI 0.83-0.94), while for C max it was 0.50 (90% CI 0.40-0.61).
The mean concentration-time profile following administration of AZD5069 with the CYP3A4 inhibitor ketoconazole was higher than when AZD5069 was administered alone, from the first quantifiable sample at 30 mins post-dose. In most subjects, AZD5069 plasma concentrations dropped below the LLOQ by 48 and 72 h postdose in the AZD5069 and AZD5069 ? ketoconazole treatment groups, respectively (Fig. 4) . Co-administration of AZD5069 and ketoconazole resulted in a 2.1-fold increase in AUC (90% CI 1.9-2.3) and a 1.6-fold (90% CI 1.5-1.9) increase in C max for AZD5069.
Formulation Factors
The relative bioavailability study showed similar AUC for all formulations tested, but the AZD5069 absorption was slightly faster from the intended phase III tablet formulation than from the capsule formulation used in the phase II studies. Geometric LS mean for AZD5069 AUC (nmol*h/ L) was 11,570 (95% CI 9425-14,200) for the phase II capsules compared with 12,080 (95% CI 9846-14,820) for the intended phase III tablet formulation. AUC geometric LS mean values for the two slower dissolution tablets were 10,710 (95% CI 8725-13,140) and 10,870 (95% CI 8861-13,350), respectively. The geometric mean ratio of tablet:capsule formulations was 1.04 (90% CI 0.99-1.10) for AUC and 1.20 (90% CI 1.05-1.38) for C max . The tablet and capsule formulations of AZD5069 were considered pharmacokinetically comparable. Overall, there were no consistent differences in AUCs between the studies that could be related to formulation (Fig. 1a) , suggesting that the solid formulations of AZD5069 had similar bioavailability to the liquid formulations.
Discussion
These studies provide a comprehensive portrait of the pharmacokinetic profile of AZD5069 in healthy human volunteers. AZD5069 is rapidly absorbed during fasting conditions; administration with food delays and reduces the peak plasma concentration, but the total exposure (AUC) remains unchanged.
The plasma concentration profile of AZD5069 has a terminal half-life of 11 h, which supports twice-daily administration. Steady state is achieved within 2-3 days and no major time dependency is observed in the pharmacokinetic profile. Systemic exposure to AZD5069 is approximately proportional to the dose following both single and repeated dosing. In a 6-month study in patients with severe asthma, plasma exposure of AZD5069 was approximately proportional to the dose across the range evaluated (5-45 mg bid) and the morning pre-dose plasma levels were consistent over the time period investigated (1 week to 6 months) [14] .
AZD5069 is extensively metabolised in humans, with \ 10% of the oral dose excreted unchanged. In vitro data have indicated that the oxidative metabolism of AZD5069 is primarily mediated by CYP3A4 and CYP2C9 isozymes, but other metabolic pathways (for example, glucuronidation) may also play a significant role [4] . Based on ex vivo studies, AZD5069 is extensively bound (99%) to plasma proteins and does not enter into red blood cells (blood:plasma ratio = 0.56) (AstraZeneca, data on file). CL/F data thus suggest that AZD5069 is a low-clearance drug (extraction ratio \ 0.18). Assuming that the fraction absorbed is at least 65% and the absolute bioavailability is more than 50%, the renal clearance can be estimated to be \ 20% of the total clearance. This suggests that the elimination of AZD5069 is not likely to be sensitive to differences in renal function, but that hepatic function might be relevant. Japanese subjects appeared to have similar, or somewhat higher, exposure to AZD5069 than Caucasian subjects, depending on the study and dose level. The pharmacokinetic variability within subjects was very low, while between-subject variability was moderate.
There was no obvious influence of smoking on the AZD5069 exposure, but the results should be interpreted with caution as smokers and non-smokers were not included in the same study. Smoking was, however, not expected to be an influential factor, as AZD5069 is not metabolised by any of the iso-enzymes known to be induced by smoking, i.e. CYP1A2 or CYP2B6 [18] . Coadministration with the potent CYP3A4 inhibitor ketoconazole resulted in an increase in AZD5069 AUC and C max of 2.1-and 1.6-fold, respectively. The \ 5-fold increase indicates that AZD5069 is not a sensitive substrate of CYP3A4 [19] . The clinical relevance of this remains, however, to be assessed and will depend on the selected clinical dose and the safety margins at this dose. Until the therapeutic window has been characterised in the target patient population, we have taken a cautious approach, recommending that AZD5069 should not be combined with potent CYP3A4 inhibitors in clinical studies.
Conclusion
AZD5069 demonstrated a predictive, linear pharmacokinetic profile with low intra-and moderate inter-subject variability and no major influences from ethnicity, age, food or formulation. The estimated half-life indicated suitability for twice-daily administration in future clinical development to assess the therapeutic potential of AZD5069.
